Abstract The developmental origins of adult health and disease (DOHaD) hypothesis that argues for a causal relationship between under-nutrition during early life and increased risk for a range of diseases in adulthood is gaining epidemiological support. One potential mechanism mediating these effects is the modulation of epigenetic markings, specifically DNA methylation. Since folate is an important methyl donor, alterations in supply of this micronutrient may influence the availability of methyl groups for DNA methylation. We hypothesised that low folate supply in utero and post-weaning would alter the DNA methylation profile of offspring. In two separate 2 9 2 factorial designed experiments, female C57Bl6/J mice were fed low-or control/high-folate diets during mating, and through pregnancy and lactation. Offspring were weaned on to either low-or control/high-folate diets, resulting in 4 treatment groups/experiment. Genomic DNA methylation was measured in the small intestine (SI) of 100-day-old offspring. In both experiments, SI genomic DNA from offspring of low-folate-fed dams was significantly hypomethylated compared with the corresponding control/high folate group (P = 0.009/P = 0.006, respectively). Post-weaning folate supply did not affect SI genomic DNA methylation significantly. These observations demonstrate that early life folate depletion affects epigenetic markings, that this effect is not modulated by post-weaning folate supply and that altered epigenetic marks persist into adulthood.
Introduction
Epidemiological evidence suggests exposures during early life may contribute to adulthood disease risk. Specifically, the association between lower birth weight and increased risk of type 2 diabetes, coronary heart disease and hypertension has been attributed to poor nutrition in utero [2] . Such observations underpin the concept of developmental plasticity [4] , underscore the potential for phenotypic diversity from a fixed genotype and provide the basis for the developmental origins of health and disease (DOHaD) hypothesis. If early life exposures are important in determining later health outcomes, then such exposures must ''mark'' the animal at a molecular, cellular and/or tissue level.
Epigenetic marks, including CpG methylation and covalent histone modifications, are established during development and constitute a rich information source layered on top of the DNA sequence. These marks determine stable transcription, allowing cell-specific gene expression that is essential for cell differentiation [5] . Maternal nutrition alters DNA methylation patterns that are associated with altered gene expression and phenotypic changes in rodent offspring [9, 19, 34] .
Many studies highlight the detrimental effects of low folate status before and during pregnancy on the health of the offspring. Low folate status, particularly during early pregnancy, increases the risk of neural tube defects (NTDs) in the foetus [12] , and evidence suggests that low folate status during pregnancy is linked with low birth weight [29] . Since folate is a key source of S-adenosyl methionine (SAM)-the universal methyl donor-it is an attractive nutrient for modulating epigenetic components of early programming. Studies in the A vy mouse established the importance of methyl group supply in determining adult phenotype and produced evidence for a mechanistic role for altered DNA methylation in mediating gene expression changes and associated phenotypic changes [9, 34] . In rats, low maternal protein intake resulted in reduced promoter methylation and enhanced expression of glucocorticoid receptor (GR) and peroxisome proliferator-activated receptor (PPARa) in offspring liver [19] . Dietary supplementation with folic acid (5 mg/kg diet) prevented these changes [19] . In sheep, restricting vitamin B 12 , folate and methionine periconceptually resulted in differential methylation of 4% of 1400 CpG islands (CGI) in foetal liver [30] . In rats, a lowfolate diet during pregnancy led to reduced placental DNA methylation [15] . Recently, Steegers-Theunissen et al. [32] reported that maternal use of folic acid supplements during pregnancy was associated with increased methylation within the DMR of the IGF2 gene of 17-month-old children. Furthermore, maternal, but not child, S-adenosylmethionine (SAM) blood concentrations were associated with the children's IGF2 DMR methylation levels, indicating that the maternal dietary environment rather than the offspring's subsequent environmental exposures had the greater influence on methylation of this gene domain [32] .
The DOHaD theory proposes that the development of several complex diseases in adulthood is influenced by early life events such as dietary exposure in utero. Although there is limited evidence of associations between early life exposures and cancer incidence [14] , a recent study observed that early life exposure to famine was associated with decreased risk of developing a CpG island methylator phenotype (CIMP) colorectal tumour [13] . The presence of a CIMP tumour is indicative of epigenetic instability coupled with transcriptional silencing of gene expression and microsatellite instability [11, 31] . The observations of Hughes et al. [13] provide proof of principle that early life exposures may result in persistent epigenetic alterations that may influence the development of colorectal cancer (CRC) in later life. Since there is strong evidence that epigenetic events play an important role in the development of CRC [16] , we have investigated the effects of folate depletion during early development on intestinal tumorigenesis. The Apc Min/? mouse is a murine model of familial adenomatous polyposis (FAP) (a form of CRC caused by a germline mutation in the APC gene), which develops multiple tumours in the small intestine [22] . We have used this mouse model to investigate the effects of altering folate supply in utero and after weaning on intestinal tumour development, and reported that folate depletion post-weaning was protective against neoplasia in female mice [21] .
In present study, we have attempted to test the hypothesis that folate supply during early development alters DNA methylation. We have manipulated folate supply via the mother (during development in utero and during lactation) and/or directly to the offspring via the post-weaning diet. The proximal SI was chosen as our target tissue because of our interest in the effects of folate on intestinal tumorigenesis and the fact that most tumours occur in the proximal SI in the Apcdriven murine model of CRC [21] . We carried out two separate mouse studies that shared several key aspects of their protocols but differed in the duration of folate depletion of dams before mating and in the protein and folate content of the ''control'' (folate adequate) diet.
Materials and methods

Dietary strategy
Two separate mouse experiments (Expt. 1 and Expt. 2) were conducted. Experimental diets were modified from AIN-93G [27] . Protein was provided by an L-amino acid mixture that was included at 175 and 100 g/kg in Expts. 1 and 2, respectively. The lower protein content of the diet in Experiment 2 was designed to reduce the overall methyl donor pool by lowering methionine supply. Methionine concentrations in the diets were 8.2 and 0.3 g/kg in Expts. 1 and 2, respectively, whilst choline bitartrate concentrations were 2.5 and 1.5 g/kg in Expt. 1 and 2, respectively. Fat (soybean oil and lard) and sucrose concentrations were each increased to 150 g/kg diet in all diets to mimic important characteristics of Western human diets.
In Expt. 1, dams were fed a low-folate breeding (0.4 mg folic acid/kg diet) (LB) or a control (2 mg folic acid/kg diet) (C) diet during pregnancy and lactation. At weaning, offspring were randomised to low-folate-weaning (0.26 mg folic acid/kg diet) (LW) or control (C) diets, resulting in four groups LB-LW, LB-C, C-LW and C-C.
In Expt. 2, designed to investigate the effects of a wider range of folate supply, dams were fed low-folate breeding (0.4 mg folic acid/kg diet) (LB) or high-(8 mg folic acid/kg diet) (H) folate diets during pregnancy and lactation. At weaning, offspring were randomised to a very low (0.00 mg folic acid/kg diet) (VL) or high (H)-folate diet resulting in four groups LB-VL, LB-H, H-VL and H-H.
Animal housing, husbandry and diet intervention Animals were housed in the Comparative Biology Centre (Newcastle University) at 20-22°C with 12-h light/dark cycles. Fresh water was available ad libitum. All animal procedures were approved by the Newcastle University Ethics Review Committee and the Home Office.
Experiment 1
Mating trios (two C57BL/6 J females (8 weeks old), one male) were offered 6 g/day/mouse of C or LB diet. Pregnant females were re-caged and offered 10 g/day/mouse of their allocated diet throughout pregnancy. At 2 weeks postpartum, diet quantity was increased (20 g/day/mouse). Following weaning (mean 32 days post-partum), offspring were re-caged (1-4 per cage) and randomly assigned to C or LW diet (6 g/day/mouse). At 96 days (SD ± 5) old, mice were killed.
Kinetics of folate depletion
Before undertaking Expt. 2, a study was carried out to determine the time required on a very low-folate diet (0 mg/kg folic acid) (VL) to reduce folate status to a new equilibrium. Pairs of 24-week-old female C57BL/6 J mice were offered 6 g/day/mouse of VL diet. At baseline, and weekly for the next 7 weeks, mouse pairs were anaesthetised and blood collected via cardiac puncture. Red blood cell (RBC) folate concentrations were measured by automated ion capture assay (Abbot IMx; Abbot Laboratories) as described previously [3] .
Experiment 2
Female C57BL/6 J mice (8 weeks old) were allocated at random to H or LB diets (6 g/day/mouse) and maintained on this diet for 5 weeks prior to mating. Mating trios (two females, one male) were offered 10 g/day/mouse of allocated diet. Pregnant females were re-caged and offered 20 g diet/day/mouse throughout pregnancy. At 2 weeks post-partum, diet quantity was increased (30 g/day/ mouse). This increase compared with Expt. 1 was intended to maximise offspring survival due to the reduced protein concentration in the diets in Expt. 2. Following weaning (32 mean days post-partum), animals were recaged (1-4 per cage) and randomly assigned to H or VL diet (6 g/day). At mean 99 days (SD ± 55), animals were killed.
Sample collection
The small intestine (SI) was removed and cut into 2 equal length sections (proximal and terminal SI). SI sections were opened longitudinally and tissue washed with PBS. In Expt. 2, proximal SI was cut into 2 equal sections and mucosa collected from the distal section. SI tissues and mucosa were snap frozen in liquid nitrogen and stored at -80°C. Blood was collected by cardiac puncture and stored at -80°C.
DNA extraction and genomic DNA measurement DNA was extracted (including RNase treatment) using a Qiagen DNA mini kit (Qiagen-51306) following the manufacturer's protocol from the proximal SI whole tissue (Expt. 1) and from mucosal scrapes taken from the proximal SI (Expt. 2). Concentration and quality of DNA were checked using an Eppendorf BioPhotometer. Genomic DNA methylation was measured using the cytosine extension assay as described previously [24] . Briefly, 2 lg DNA were incubated with and without 1 Unit restriction enzyme HpaII (NE Biolabs
0 3H-Deoxycytidine ([3H]dCTP) triphosphate tetrasodium salt (Perkin Elmer)] was added, with a drop of mineral oil and incubated at 55°C for 1 h. Samples were placed on ice for 5 min, then 20 ll of sample mixture pipetted onto a DE81 Whatman filter paper and left to dry for 10 min. Filter papers were washed 3 times in 50 ml of 0.5 M sodium phosphate buffer pH 7 (10 min/wash), followed by an ethanol (70%) wash (10 min) and left to dry for 30 min. Each filter was immersed in 10 ml scintillation fluid and counted in a scintillation counter.
Statistical analysis
Data distributions were examined by the KolmogorovSmirnov test. All data were normally distributed. Data were analysed using analysis of variance to examine the effects of sex, maternal and post-weaning diets.
Results
Effects of low-folate diet on kinetics of change in RBC folate concentration When introduced to the VL diet, RBC folate concentrations fell little over 2 weeks from an initial mean concentration of 1,729 nmol/ml (Fig. 1) . Thereafter, there was an exponential decline, reaching a new equilibrium of approximately 850 nmol/ml folate at 4-5 weeks. The rate constant for this decline was 0.684, indicating a RBC folate half life of 7.09 days. There was little change in RBC folate concentration over the following 2-3 weeks. These data showed the VL diet reduced folate status by about 50% in 5 weeks so, in Expt. 2, dams were fed the low-folate diet (LB) for 5 weeks prior to mating to ensure periconceptual depletion.
Effects of folate supply on pregnancy outcome and maternal RBC folate concentration
In both studies, no malformations were observed in the offspring from dams fed the low-folate diets during pregnancy and lactation. In Expt. 1, the maternal low-folate (LB) diet during pregnancy reduced the number of pups born by 22% (P = 0.006 [21] . There was a smaller reduction (17%) in the numbers of pups born in Expt. 2 (4.39 vs. 3.68 for high (H)-and low (LB)-folate diets, respectively) and this difference was not statistically significant (P = 0.398).
In Expt. 1, dams fed the low-folate (LB) diet had significantly (P \ 0.001) lower RBC folate concentrations when compared with control diet (N)-fed dams (Fig. 2) . For technical reasons, RBC folate data are not available for Expt. 2.
Effect of folate supply during pregnancy and lactation and post-weaning on adult offspring weight In Expt. 1, neither maternal folate depletion during pregnancy and lactation nor post-weaning folate depletion affected body weight of adult offspring. In addition, there was no interaction between the pre-and post-weaning diets on adult offspring body weight (Table 1) . However, in Expt. 2, low folate feeding during either pregnancy and lactation or post-weaning caused significant reductions in adult body weight ( Table 2) .
Effect of folate supply during pregnancy and lactation and post-weaning on RBC folate concentrations of adult offspring In Expt. 1, maternal folate depletion during pregnancy and lactation did not alter RBC folate concentrations in adult offspring significantly (Table 1) . However, as expected, feeding the folate-depleted diet (LW) post-weaning reduced RBC folate concentrations significantly (Table 1) . There was no evidence of an interaction between pre-and post-weaning diets on offspring RBC folate concentrations. For technical reasons, equivalent data for Expt. 2 are not available.
Effect of folate supply during pregnancy and lactation on proximal SI genomic DNA methylation In Expt. 1, low folate (LB) during pregnancy and lactation caused a significant (P = 0.009) fall in genomic DNA methylation in proximal SI tissue of offspring compared with control offspring (Fig. 3a) . Similarly, in Expt. 2, when compared with offspring of high-folate-fed dams, proximal SI epithelial genomic DNA methylation was significantly lower (i.e. hypomethylated) in offspring exposed to low folate (LB) during pregnancy and lactation (P = 0.006) (Fig. 3b) .
Effect of post-weaning folate supply on proximal SI genomic DNA methylation Proximal SI genomic DNA methylation tended to be lower in offspring given low-folate diets from weaning in both experiments; however, these changes were not statistically significant (Expt. 1, P = 0.191; Expt. 2, P = 0.431) (Fig. 3 ). In addition, there were no significant interactions between maternal and post-weaning folate supply.
Discussion
In previous rodent studies where maternal folate status has been manipulated, there was considerable inter-study variation in the preconception run-in period. Some studies did not include any run-in period [19, 21] , whereas others fed experimental diets for 2-8 weeks prior to mating [8, 28, [33] [34] [35] [36] . No rationale for the duration of these periods was offered. Novel data from this project demonstrate that feeding the very low-folate diet for 4-5 weeks was sufficient to provoke a *50% reduction in RBC folate concentration. This decline in RBC folate concentration occurred in three phases, an initial 2-week lag period was followed by an exponential decline until 4-5 weeks, after which there was no further change. The lag period suggests folate stores, e.g. plasma and liver, were sufficient to buffer RBC folate concentrations against folate depletion for about 2 weeks. In addition, there may have been some re-cycling of folate derived from RBC degradation for use by newly formed RBCs [18] . However, when these stores were exhausted, RBC folate concentration dropped rapidly, until 4-5 weeks, at which point it stabilized. This suggests that a 4-5 week run-in period on the VL diet is sufficient to reduce RBC folate by *50%.
In the present studies, we observed that folate depletion during pregnancy and lactation caused DNA hypomethylation Genes Nutr (2011) 6:189-196 193 in the small intestine of adult offspring, regardless of postweaning folate intake. It is important to note that the levels of maternal folate depletion in these experiments were moderate, and although folate depletion reduced maternal RBC folate concentrations and litter size, there were no signs of folate deficiency in these animals in terms of physical malformations. Our observation of significantly reduced genomic DNA methylation in the offspring proximal SI of folate depleted dams highlights the plasticity of the epigenome during development and its susceptibility to relatively subtle environmental influences. The role of folate as a methyl donor provides a mechanistic basis to support the hypothesis that folate supply may alter DNA methylation. Previous studies reported that changes in maternal methyl donor supply, including folate, alter offspring DNA methylation. For example, Waterland et al. [34] reported that offspring of dams fed methyl supplements during pregnancy were more likely to have brown coats, due to reduced expression of the agouti gene via increased DNA methylation at the agouti locus. Lillycrop et al. [19] observed that supplementing a proteinrestricted diet with folic acid normalised methylation of GR and PPAR promoters, which were hypomethylated after feeding the protein-restricted diet. Furthermore, Sinclair et al. [30] reported altered methylation status in foetal liver of sheep in response to maternal periconceptional restriction of vitamin B 12 and folate, and Kim et al. [15] observed that maternal folate deficiency in rats resulted in decreased placental DNA methylation. Recently, the effects of maternal folic acid supplementation during pregnancy on DNA methylation in 17-month-old children have been reported [32] . Increased methylation in the IGF2 DMR was observed in the children born to mothers who used folic acid supplements compared with children of mothers who did not use such supplements. Maternal, but not children's, circulating SAM concentrations were associated with children's IGF2 DMR methylation levels. This observation indicates the importance of maternal nutritional environment in influencing epigenetic marks in their offspring [32] .
The impact of DNA methylation changes reported here on function in the offspring remains to be elucidated. In Expt. 1, there was no detectable effect of maternal or postweaning folate supply on adult body weight, whereas in Expt. 2, folate depletion at either life stage led to reduced body weight in adulthood. The difference between studies may be due to the much lower protein (and methionine) content of the diet used in Expt. 2 (100 vs. 175 g amino acids/kg diet in Expts. 1 and 2, respectively) which may have made the animals more vulnerable to the effects of folate depletion. Unfortunately, for technical reasons, we were unable to obtain estimates of RBC folate concentration in Expt. 2 so that we cannot make a direct comparison between the folate status of mice in the 2 experiments.
However, aberrations in genomic DNA methylation, specifically genomic hypomethylation, are observed in numerous diseases, including cancer, and in ageing [6, 23] , so it is possible that the epigenetic modifications observed here may have long-term health implications. Global DNA hypomethylation is observed in the early stages of CRC [10] and may contribute to susceptibility to development of the disease. Given that there is some level of conservation in terms of DNA methylation between the human colon and mouse small intestine [20] , it is plausible that the epigenetic events reported here may also occur in the human colon. Our observation that altering the maternal folate supply during pregnancy and lactation can result in changes in DNA methylation in the offspring highlights the importance of understanding which maternal dietary factors, in which time windows, modulate the epigenetic signature of their children. Such understanding may help to define appropriate standards for maternal nutrition during pregnancy to optimise adult health in the next generation. Further investigation, including the analysis of DNA methylation in candidate genes known to be sensitive to methylation changes in cancer and changes in DNA methylation in other tissues, is needed to explore the potential health implications of these early life exposures.
Post-weaning folate depletion did not alter DNA methylation in either experiment. Reported effects of low methyl donor diets fed after weaning on DNA methylation differ between studies. Methyl donor deficiency resulted in DNA hypomethylation in liver [1, 7, 26] , but hypermethylation in brain of adult rats [25] . More recently, Kotsopoulos et al. [17] observed that a folate deficient diet given from infancy to puberty, but not into adulthood, induced hepatic DNA hypermethylation in adult rats. It is probable that several factors influence the responses to such dietary manipulations including the form and dose of methyl donor, target tissue, and perhaps most critically, the time point and duration of the intervention. It is possible that the juvenile epigenome is more vulnerable to environmental influences such as reduced folate supply [17] . In the present studies, the folate depletion used in the postweaning phase may not have been sufficient to cause DNA methylation changes in the tissue of interest, although this was sufficient to reduce other biochemical indices of folate status as shown in Table 1 . Our observation of reduced genomic DNA methylation in adult tissue following folate depletion in utero and during lactation suggests that the critical window of exposure for such modest folate depletion was pre-weaning.
In conclusion, modest depletion in maternal folate supply reduced genomic DNA in adult offspring, suggesting that folate availability during gestation and lactation is an important factor in determining long-term DNA methylation status in offspring. However, it is not yet clear what phenotypic or health consequences, if any, these programmed epigenetic events have for the adult. Further studies investigating the both phenotypic traits and epigenetic profiles due to such maternal influences are warranted.
